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ABSTRACT: We developed aluminium doped zinc oxide films for the application in silicon thin film solar cells and 
modules. The ZnO:Al films were deposited by mid frequency magnetron sputtering from rotatable dual magnetrons with 
ceramic ZnO:Al2O3 targets onto glass substrates. The production process is up-scalable to very large areas (> m²) and 
promises high throughput. In our system the normalized dynamic deposition rate was around 8.25 (nm·m)/(min·kW). The 
deposition conditions, in particular the substrate temperature and the discharge power, were varied to prepare films at high 
rates and to optimize them for use in thin-film silicon solar cells. The zinc oxide films exhibited a specific resistivity as low 
as 3.8·10-4 Ω·cm and were highly transparent. First microcrystalline solar cells deposited onto texture-etched ZnO:Al films 
achieved an efficiency up to 7.2%. Note, that commercially available float glass served as substrate for these cells.  
Keywords: transparent conducting oxides, ZnO, high rate sputtering 
 
 
1 INTRODUCTION 
 
Amorphous and microcrystalline silicon based thin-
film solar cells in superstrate technology [1] require 
transparent front contact materials. In order to be suitable 
as front contact, the material of choice must exhibit very 
low absorption in the active range of the solar cells (400-
1100 nm) and high conductivity at the same time. 
Furthermore, a certain surface roughness of the front 
contact is crucial for effective light in-coupling and the 
so-called “light trapping” effect, which leads to an 
enhanced spectral response of the solar cell in the long 
wavelength region. 
For mass production purposes the fabrication of the 
front contact films must be reliable at high throughput on 
large areas. In this context, three different transparent 
conducting oxides (TCO) are presently competing: 
Fluorine doped tin dioxide (SnO2:F) [2], boron doped 
zinc oxide (ZnO:B) prepared by low-pressure chemical 
vapour deposition (LPCVD) [3], and sputter deposited 
and texture-etched aluminium doped zinc oxide (ZnO:Al) 
[4]. The latter films stick out because of their surface 
structure, which has proven to enable excellent light-
trapping. Furthermore ZnO:Al is resistant against 
hydrogen plasmas [5].  
State-of-the-art for ZnO:Al film deposition is 
magnetron sputtering from planar ceramic targets in an 
in-line process [6]. Substantial cost reduction of the 
sputtering process can be achieved by using rotatable 
targets, since sputtering from rotatable targets promises 
an increase of throughput as well as target utilization. For 
planar targets the target utilization is typically around 
25%. By applying special static magnetrons or moving 
magnets utilization can be increased up to 50%. For 
rotatable targets even 90% of the target material can be 
utilized. Furthermore, a better process stability can be 
expected due to prevention of permanent re-deposition 
zones and nodule formation. 
In this contribution we present investigations on 
ZnO:Al layers sputtered in a dynamic process on 
different glass types. To the best of our knowledge, we 
present silicon thin film solar cells on texture etched 
ZnO:Al films from rotatable ceramic targets for the first 
time. 
2 EXPERIMENT 
 
The vertical in-line sputtering system is equipped 
with a rotatable dual magnetron (RDM) with a length of 
75 cm. Substrate sizes up to 30×30 cm can be handled. A 
sketch of the RDM cathode system is given in Figure 1. 
All films presented here were RDM-sputtered from 
ceramic targets with an aluminium content of 0.5 wt% on 
Corning Eagle2000® glass as well as Diamant® glass from 
Saint Gobain Glass (SGG). The latter is a commercially 
available low-iron float glass and is thus, relevant for 
mass production of solar modules. The 3 mm thick SGG 
glass has been coated with about 100 nm silicon-
oxinitride (SiOxNy) to avoid influence of glass aging and 
thus, to improve the quality of the grown film [6]. For the 
1.1 mm thick Corning glass, an aluminiosilicate glass, 
this is not necessary. Several 10×10 cm²-sized substrates 
were co-deposited in one sputtering process. Note that 
the positions of the glasses were retained for all 
depositions to avoid inhomogeneity effects. 
 
 
 
Figure 1: Sketch of the rotatable cathode system, (a) top 
view, (b) front view. 
 
For the film preparation the deposition parameters 
like substrate temperature, argon (Ar) pressure and gas 
flow as well as discharge power were varied. The 
parameter space was investigated intensively to find 
optimum conditions of ZnO:Al films for thin-film silicon 
solar cell application.  
In this contribution, we turn the main attention to a 
series of seven samples prepared at different substrate 
temperatures between 200°C and 350°C, while the other 
parameters were kept constant: The Ar-pressure was 
1.5 Pa; an Ar-flow of 100 sccm was set, the discharge 
power amounted to 4 kW at a frequency of 40 kHz. Also 
the variation of discharge power on the film properties 
will be discussed. Note that pre-sputtering was carried 
out for around 5 minutes onto the wings of the carrier 
(see Fig 1). 
The desired surface roughness of the ZnO:Al films 
was achieved by a post-deposition wet-chemically 
etching step in diluted (0.5%) hydrochloric acid bath, 
which leads to a randomly textured surface. 
The sheet resistance and thickness were measured for 
as-deposited (non-etched) samples. Carrier concentration 
and mobility were determined by Hall-effect 
measurements. Reflection (R) and transmission (T) 
properties were measured for texture etched films by an 
optical spectrometer. The index-matching fluid 
diiodomethane was used to prevent multi-reflections 
within the rough films. The absorption (A) is calculated 
from A=100-R-T. 
The texture etched films on float glass were used as 
substrates for microcrystalline silicon p-i-n solar cells. 
The silicon films were prepared by PECVD. The 
thickness of the intrinsic absorber layer is around 1.1µm. 
The back-contact consists of an 80 nm ZnO:Al film and a 
silver (Ag) layer (700 nm). Details of cell design and 
preparation can be found elsewhere [1]. The J/V-
characteristics of the solar cells were measured under a 
calibrated AM1.5 solar spectrum (100 W/m²) at standard 
test conditions. A mask was used to prevent current 
collection and collection of light from non-active areas, 
which could lead to overstated currents. 
 
 
3 RESULTS AND DISCUSSION 
 
In this chapter, we show the electrical and optical 
properties of ZnO:Al films. Also the dynamic deposition 
rate of the sputtering process will be presented. The 
acquired results will be compared with results for films, 
which were sputter deposited from planar ceramic targets 
[7]. Finally, first results of solar cells on these newly 
developed ZnO:Al front contacts will be presented. 
 
3.1 Electrical properties 
Figure 2 shows the temperature dependence of the 
specific resistivity of ZnO:Al films on Corning and SGG 
glass. In general, the specific resistivity decreases with 
increasing substrate temperature. Only for the lowest 
temperature within this series, 200°C, this trend does not 
apply. For a temperature of 350°C – and deposition 
parameters as given in chapter 2 – a specific resistivity of 
4.3·10-4 Ω·cm is achieved on Corning glass. 
Furthermore, it has to be pointed out, that the specific 
resistivity of films on both glass types is similar for 
temperatures lower than 300°C. This is owed to the 
SiOxNy layer on the SGG glass. However, at the highest 
applied temperature of 350°C the specific resistivity of 
films on SiOxNy-coated SGG glass is slightly higher than 
on Corning glass.  
 
 
Figure 2: Specific resistivity as a function of the 
substrate temperature of ZnO:Al films prepared by MF-
sputtering from rotatable targets on Corning and SGG 
glass. 
 
Figure 3 allows a closer look on this phenomenon. 
Here, the specific resistivity of ZnO:Al films sputtered at 
different discharge power for two different glass 
temperatures, 300°C and 350°C, are depicted. For 300°C 
substrate temperature a slight increase of the specific 
resistivity with higher discharge powers can be observed. 
This trend is attributed to high energy oxygen ion 
bombardment [8, 9] and shorter time scales for the 
growing film at elevated discharge power, which leads to 
a deterioration of the growing film. At the lowest applied 
power of 1 kW the influence of the quite high base 
pressure (7·10-6 Pa) might lead to low ZnO:Al quality 
and thus, an inversion of the observed tendency. This 
effect is less pronounced at high growth rates and can be 
overcome by higher argon gas flow and thus, higher 
pump speed to keep the pressure constant.  
For 350°C the specific resistivity almost stays 
constant with discharge power, which is quite 
remarkable. More attention will be granted to this 
observation in forthcoming investigations. 
 
 
Figure 3: Specific resistivity of ZnO:Al on Corning and 
SGG glass. 
The lowest specific resistivity was prepared at sputter 
conditions of 2 kW discharge power and a substrate 
temperature of 350°C and higher Ar-flow of 200 sccm. 
On Corning glass a specific resistivity as low as 
3.8·10-4 Ω·cm was achieved. This value is close to 
3.6·10-4 Ω·cm, which was published for DC-sputtering 
from planar ceramic targets [7]. 
For an 870 nm thick film in this vein, a sheet 
resistance of around 4.3 Ω⁪ is obtained. At this point, it’s 
worth mentioning that after the texture etching of the 
film, which significantly reduces the thickness while 
creating the beneficial surface roughness, the sheet 
resistance is still lower than 10 Ω⁪. This is sufficient for 
solar cells as well as modules, so that no loss in fill factor 
has to be suffered. 
Note that all films presented in our contribution have 
initial thicknesses between 700 nm and 1000 nm. In this 
range the specific resistivity of the ZnO:Al films 
typically does not vary significantly with film thickness. 
Figure 3 also reveals that the films deposited at 
substrate temperature of 350°C show higher specific 
resistivity on SiOxNy-coated SGG glass than on Corning 
glass. At this temperature resistivity differs by a factor of 
about 1.3, independently on other deposition conditions. 
This can be rooted in (a) a deterioration of the SiOxNy 
surface at temperatures higher than 300°C or (b) 
inhomogeneities of the temperature distribution over the 
area, which become more pronounced for high 
temperatures. These possibilities have to be investigated 
more closely. 
To gain deeper insight into the electrical properties of the 
films, Hall measurements were conducted. Figure 4 
presents the Hall mobility as well as the carrier 
concentration of the temperature series on Corning glass. 
The results demonstrate that the improvement of the 
specific resistivity for films prepared at higher 
temperatures is a result of an increase of both the carrier 
concentration and the Hall mobility. As observed for the 
specific resistivity, this trend is broken by the sample 
prepared at 200°C.  
 
Figure 4: Temperature dependence of Hall mobility and 
carrier concentration of ZnO:Al films on Corning glass. 
 
The variation in Hall mobility might be related to the 
crystal structure, e.g. grain size, of the samples. 
However, investigations of the structural properties of the 
films have not been conducted so far. The increase of 
carrier concentration with temperature is attributed to an 
improved integration of the Al-dopant atoms into the 
crystal network of the ZnO:Al film. 
Note, that the main trend of the electrical properties, 
namely the reduction of the specific resistivity for higher 
temperatures, has also been found for sputtered films 
from planar ceramic target with low doping 
concentration [7, 10]. 
 
3.2 Dynamic deposition rate 
Figure 5 shows the dynamic deposition rates of both 
the temperature series and the discharge power series 
deposited at 300°C. The results for both investigated 
glass types are plotted. The deposition rate strongly 
depends on the discharge power. Varying the power from 
1 kW to 8 kW leads to an increase of the deposition rate 
from 5.5 nm·m/min to 53 nm·m/min.  
The deposition rate of the temperature series almost 
stays constant, at around 33 nm·m/min. Considering the 
discharge power of 4 kW the normalized deposition rate 
can be calculated to 8.25 (nm·m)/(min·kW). This is also 
the highest normalized deposition rate obtained within 
the power series, which is in the range of reported rates 
for sputtering from planar ceramic targets [7]. 
 
Figure 5: Specific resistivity of ZnO:Al on Corning and 
SGG glass. 
 
3.3 Optical properties 
In Figure 6 the transmission and the absorption of 
texture etched ZnO:Al films sputtered at different 
substrate temperature on SGG glass are plotted. Between 
500 nm and 800 nm all investigated films transmit more 
than 85% of the incident light. The transmission drops 
below 80% only for wavelengths >1200 nm far beyond 
the active range of silicon. The decrease in transmission 
is more pronounced for samples sputtered at higher 
substrate temperatures. This is caused by the free carrier 
absorption. The observed tendency, namely an increase 
of the absorption with temperature, is in accordance with 
the carrier concentrations of the films (see Figure 4). 
Again, the 200°C-sample defies the trend. 
In the short wavelength region below 400 nm the 
optical band-gap leads to a sharp decrease of 
transmission. The slope between 400 nm and 500 nm is 
affected by the material quality. Low temperatures lead 
to pronounced absorption in this area due to defects 
within the band gap. The slope at around 375 nm is also 
influenced by the free carriers, which lead to a more or 
less pronounced Burstein-Moss shift. More free carriers 
lead to a shift of the band edge towards shorter 
wavelengths. However, we have to point out that the 
diiodomethane slightly masks this effect.  
Due to their high transmission all investigated 
samples seem well-suited for application in thin-film 
solar cells. However, to identify the samples which 
promise the highest cell currents, the light-scattering 
ability of the films, which were surface textured by wet 
chemical etching, has to be benchmarked. Measurements 
of the diffuse transmission and the angular resolved 
scattering (ARS) may yield valuable information for that 
purpose [11]. So far, the light scattering behaviour of the 
RDM-ZnO:Al films has been inspected by eyes only. 
The final decision, whether a TCO is suited for cell 
application can only be judged by the solar cell itself, 
since there are no theories that are capable of solar cell 
performance prediction based on TCO properties. 
 
Figure 6: Transmission and absorption of ZnO:Al 
prepared at different temperatures on SGG glass. 
 
3.4 Solar cells 
Microcrystalline silicon solar cells were deposited onto 
the optimized ZnO:Al front contacts on SGG glass. The 
corresponding J/V-curve under AM1.5-illumination is 
shown in Figure 7. The extracted parameters are open 
circuit voltage (Voc) of 500 mV, short circuit current 
density (Jsc) of 20.3 mA/cm², fill factor (FF) of 70.9% 
and finally an initial efficiency (η) of 7.2%. The short 
circuit current density is already quite acceptable, but 
leaves still space for improvement of the surface texture. 
 
Figure 7: I(V) characteristics of microcrystalline silicon 
solar cells on texture etched ZnO:Al film prepared at 
high temperature on SGG glass. 
 
Nevertheless, this is – to the best of our knowledge – 
the first ever reported silicon thin-film solar cell on 
ZnO:Al sputtered from rotatable targets with already 
good efficiency. 
4 CONCLUSION 
 
ZnO:Al films sputtered from rotatable ceramic target 
are presented. The substrate temperature dependence of 
films properties shows similar trends as observed for 
films sputtered from planar targets. In a high rate 
process, films with low resistivity of around 4·10-4 Ω·cm, 
and high transmission up to the NIR (>80%) were 
prepared. 
To the best of our knowledge, we present the first 
silicon thin film solar cells on ZnO:Al films sputtered 
from rotatable targets. The samples were deposited on 
production relevant glass and show already quite good 
efficiencies of 7.2%, but still leave room for 
improvements. In particular the surface texture of the 
films needs optimization. 
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